Historical structures are the values that are of great importance to that country, showing the roots of a country, and must be passed on from generation to generation. is study attempts to make a contribution to this goal. Seismic damage pattern estimation in a historical brick masonry minaret under different ground motion levels is investigated by using updated finite element models based on ambient vibration data in this study. Imaret Mosque which was built in 1481 AD is selected for an application. Surveying measurement and material tests were conducted to obtain a 3D solid model and mechanical properties of the components of the minaret. Firstly, the initial 3D finite element model of the minaret was analyzed and numerical dynamic characteristics of the minaret were obtained. en, ambient vibration tests as well as operational modal analysis were implemented in order to obtain the experimental dynamic characteristics of the minaret. e initial finite element model of the minaret was updated by using the experimental dynamic results. Lastly, linear and nonlinear time-history analyses of the updated finite element model of the minaret were carried out using the acceleration records of two different level earthquakes that occurred in Turkey, in Afyon-Dinar (1995) and Çay-Sultandagı (2002). A concrete damage plasticity model is considered in the nonlinear analyses. e conducted analyses indicate that the compressive and tension stress results of the linear analyses are not as realistic as the nonlinear analysis results. According to the nonlinear analysis, the Çay-Sultandagı earthquake would inflict limited damage on the minaret, whereas the Dinar earthquake would damage some parts of the elements in the transition segment of the minaret.
Introduction
Architectural and structural characteristics of minarets are influenced by national and local building materials. Historical minarets are generally masonry structures in which stone or clay brick and mortar are used together. e behavior of the majority of historical structures differs from one another during an earthquake as local materials are used in their construction.
ere is usually a spiral staircase system made of wood or stone inside the minarets. e most important feature of historical masonry structures is that they reflect the architectural characteristics of the time at and the region in which they were built [1] . For example, in the thirteenth-century Syrian architecture, minarets were built as low square towers sitting at the four corners of the mosque. In the fifteenth-century Egyptian architecture, minarets were octagonal and had two balconies, the upper generally smaller than the lower. Turkish-style minarets were slim and consisted of 2, 4, or 6 circular minarets of equal cross section [2] . Minarets generally consist of 8 parts: a base (footing), cube (pulpit), transition segment, shaft (cylindrical or polygonal), balcony, comb, cone (spire), and finial. e height and shaft diameter of minarets vary from 10 to 40 m and 3 to 6 m, respectively.
Many tower-type masonry structures were completely or partially destroyed due to major earthquakes, strong winds, or suddenly without any indication. For example, the Yüregil Minaret in Afyonkarahisar and the Çavdır Minaret in Antalya, Turkey, are some of the structures that were damaged in earthquakes, whereas the Civic Tower in Pavia in Italy collapsed without any indication [3] . ese dramatic events have obligated determining the behavior of towertype structures under wind and earthquake conditions so that they may be safely passed on to the next generations. For this reason, the protection and the evaluation of the structural safety of historic masonry structures have become compulsory. Ambient vibration testing and finite element methods are promising techniques for safety and damage evaluation of the masonry structures [4, 5] . e studies on the analytical and experimental behaviors of masonry towers and minarets can be found in the literature. Gentile et al. determined the structural safety of tower of the Monza Church using ambient vibration data and updated the finite element model of the tower [6] . Pallarés et al. carried out a nonlinear analysis of a chimney made of bricks using the Drucker-Prager material model [7] . Bayraktar et al. investigated the earthquake behavior ofİskenderpaşa Mosque Minaret in Trabzon, Turkey, and reported that cracks due to earthquake can occur at the region between the transition segment and the cylindrical body [5] . Tomaszewska and Szymczak identified the Vistula Mounting Tower model using measured modal data [8] . Foti et al. determined the structural condition of a tower in Bari, Italy, and obtained an excellent match between the experimental and the updated model results [9] . Mortezaei et al. investigated linear and nonlinear earthquake behaviors of the masonry Masjed-eJame Mosque and minaret in Iran. Researchers have also revealed the effect of strengthening on the structures [10] . D'Ambrisi et al. updated the finite element model of the Civic Tower in Italy by operational modal analysis (OMA) and revealed the nonlinear seismic performance of the tower [11] . Bartoli et al. implemented static and dynamic investigations on the stone tower Torre Grossa [12] . Minghini et al. conducted a study on a brick masonry chimney damaged during the Emilia earthquake in 2012 [13] . Diaferio et al. determined the nondestructive characterization and identification of the modal parameters of an old masonry tower [14] . Diaferio et al. extracted the natural frequencies and mode shapes of the bell tower of Trani's Cathedral in Italy via conventional accelerometers and innovative microwave remote sensing to operational modal testing [15] . e frequency-domain decomposition (FDD)/enhanced frequency-domain decomposition (EFDD) and the datadriven stochastic subspace identification (SSI) techniques have been used for the extraction of modal parameters. e authors revealed that the results obtained by the two measurement systems are in good agreement and encourage the effectiveness of the tests and the accuracy of the estimated modal parameters. Diaferio et al. investigated a slender historical bell tower in Bari to obtain the accurate finite element model [15] . Despite the impossibility of conducting destructive tests to evaluate the material properties, by conducting environmental vibration tests and comparing first five modes, they achieved to obtain the accurate finite element model (FEM). Preciado suggested a procedure for the seismic vulnerability evaluation of all types of towers and slender masonry structures such as light houses and minarets [16] . Preciado et al. proposed an approach for the seismic vulnerability reduction of masonry towers via external prestressing devices [17] . Hejazi et al. investigated the response of nine minarets under different temperatures, wind, and earthquakes using a nonlinear finite element model. In the study, they have revealed that earthquakes are the main cause of collapse of the minarets [18] . Demir et al. investigated the effect of model calibration on seismic behavior of the structure [19] . Maximum stresses and displacements in the structure were presented comparatively. Also, locations of existing cracks in the structure coincided with the analysis results. Livaoglu et al. investigated Ottoman-type minarets and obtained a numerical correlation between the first mode period and geometric properties, such as height, cross section, and boundary conditions via operational modal analysis [20] . Kocaturk and Erdogan modelled minarets via a commercial finite element method (FEM) program, ANSYS/LS-DYNA, and revealed the contribution of lead clamps to the energy absorption capacity of the minaret under extensive earthquakes [21] . Ivorra et al. conducted a theoretical dynamic study on a masonry bell tower and investigated the correlation between natural frequencies and variation of soil [22] . Shakya et al. collected the data from various literature on the slender masonry structures and developed an empirical formulation for predicting the fundamental frequency of such structures [23] . Diaferio et al. performed operational modal analysis of the bell tower of Announziata in order to obtain the updated FE model of the tower [15] . Castellazzi et al. monitored the San Pietro bell tower in Perugia, Italy, for 9 months, and the effects of changes in temperature and humidity on the natural frequencies of slender masonry buildings are investigated by using environmental vibrations [24] . Diaferio and others have experimentally investigated a historic stone masonry building with OMA under environmental vibration and emphasized the need for improvement of the finite element model for realistic analysis [25] .
In general, model updating techniques are based on the use of appropriate coefficients (sensitivity coefficients) that iteratively update selected physical properties (properties of materials, stiffness of a link, etc.) in such a way that the correlation between the simulated response and the target value could improve if compared to an initial value [26] . is study is aimed at estimating seismic damage propagation in a historical clay brick masonry minaret under different ground motion levels by using the updated finite element model based on ambient vibration data. Imaret Mosque Minaret in the county of Bolvadin in Afyon, Turkey, was selected for the application. Material properties of the minaret were determined by the material tests. Experimental dynamic characteristics of the minaret were obtained by ambient vibration testing.
e experimental dynamic characteristics were compared with the numerical dynamic characteristics obtained from initial three-dimensional FEM of the minaret, and the initial model was updated by changing the material properties and boundary conditions. Linear and nonlinear time-history analyses of the updated FEM of the minaret were carried out using the acceleration records of two different level earthquakes that occurred in Turkey, in Afyon-Dinar (1995) and Çay-Sultandagı (2002). Nonlinear analysis was performed using the concrete damage plasticity (CDP) model [27] .
e damage of the historical minaret against the two selected earthquakes was obtained, and it was determined that the minaret was at risk of collapse during a severe earthquake.
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Geometric and Mechanical Properties of Imaret Minaret.
Bolvadin is one of the oldest settlements in Anatolia. It dates back to 10,000 years ago according to available documentation (Bayar, 1996) . Especially during the reign of the Seljuks, it was decorated with mosques, fountains, inns, baths, aqueducts, and bridges. e Imaret Mosque, built in 1481 AD, is one of these works that has survived to the present day. e bearing system of the minaret consists of clay brick except pulpit which is stone masonry. e height of the minaret is 24.5 m, the pulpit has 2.66 × 2.66 m octagonal section, and the cylindrical body has a diameter of 2.0 m. Parts of the minaret and vertical and horizontal cross sections of the minaret are presented in Figure 1 .
Material Properties.
e material properties of the minaret are taken from the similar study of Nohutcu et al. and are listed in Table 1 [28] .
e minaret consists of stone/brick and mortar materials. Elastic material parameters of the masonry wall using materials test results were calculated by equations recognized in the literature. e compressive strength of masonry is determined by equation (1) from the European Committee for Standardization (1995, p. 51) [29] . Here, K values vary from 0.4 to 0.6 with a difference of 0.5 according to the morphological structure of the masonry system. e values of α and β are 0.7 and 0.3, respectively, in smooth-shaped masonry and 0.65 and 0.25 in coarse-shaped masonry, respectively. f b (MPa) refers to the compressive strength of the stone or brick. f m (MPa) is the compressive strength of the mortar and is the maximum value that can be taken as double the value of f b :
(1)
e modulus of elasticity of masonry is determined using equation (2) derived by Lourenco in 2001 [30] . e tensile strength is taken as 10% of the compressive strength. Poisson's ratio is recommended as 0.17 by Koçak [31] . In equation (1), ρ is a fixed value and varies according to the adherence between mortar and stone/brick. t m refers to the average thickness of the mortar, t u is the average height of the stone or brick, E m is the modulus of elasticity of the mortar, and E u is the modulus of elasticity of the stone or brick [30] : Table 2 presents the calculated material parameters of the masonry walls, used in the finite element analyses of the minaret.
Initial Finite Element Model of the Minaret.
According to the drawings obtained from in situ surveying measurements, the three-dimensional solid model and FEM model of the minaret were prepared using the Abaqus [27] software ( Figure 2 ). Convergence analysis was conducted for the purpose of determining the most appropriate range of mesh in the FEM of the minaret. In the convergence analysis, the mesh size was initially selected as 0.55 m. Modal analyses were carried out for each range of the mesh given in Table 3 , and the convergence graphics is given in Figure 3 .
According to the convergence analysis values in Table 3 , the range of the mesh in numerical analysis was chosen as 0.25 m. A total of 28175 four-node tetrahedral (C3D4) solid elements and 8646 nodes were used for the initial FEM with a mesh size of 0.25 m. e modal analysis was carried out, and the first four numerical frequency values and mode shapes profile and plan views are presented in Figure 4 . e first and the third mode shapes occur in the x direction, and the second and the fourth mode shapes occur in the y direction.
Operational Modal Analysis and Finite Element Model Updating of the Minaret.
e material values are the local properties of the wall material. When we apply these values to the whole structure, it is difficult to achieve realistic values due to the regional differentiations. erefore, operational modal analysis is performed with the data obtained from the accelerometers, which takes the environmental vibration data on the structure. us, experimental modal behavior and damping rates of the structure can be obtained. By modifying the modulus of elasticity, a modal analysis is carried out by the finite element method until it reaches the modes we have found experimentally. When we reach the first mode value obtained from OMA, we obtain the modulus of elasticity and the damping ratio of the structure.
Four Testbox-2010 data acquisition devices and sixteen uniaxial Sensebox-7021 accelerometers were used for the OMA method. e accelerometers used in the experiment are sensitive to signals in the range 0-200 Hz. e signals from the accelerometers are combined in the four-channel Testbox-2010 data acquisition unit and transferred to the Testlab-Network [32] data acquisition software. After the signals were processed, experimental dynamic characteristics of the structure were obtained by using the ARTeMIS Modal Pro [33] software.
OMA is an output-only method based on ambient vibration data. In the experimental study, the connection points of the accelerometers were identified using the initial finite element (FE) mode shapes of the minaret. A total of 12 uniaxial accelerometers were placed at these points as shown in Figure 5 . Vibrations generated by the environmental effects on the minaret were collected by 12 uniaxial accelerometers and data acquisition units.
Acceleration data obtained from the OMA test were transferred to the ARTeMIS Modal Pro [33] software, and the experimental dynamic parameters of the minaret were extracted using the SSI technique [34, 35] . e stabilization diagram of estimated state space models obtained from the SSI technique and the experimental dynamic characteristics are given in Figure 6 and Table 4 , respectively.
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It can be seen from Table 4 that there are differences between the numerical and experimental frequencies. e updated FEM of the minaret is obtained by changing Young's modulus of brick. Modulus of elasticity of the brick masonry wall increases from 1300 MPa to 5200 MPa. Table 5 presents the first four numerical and experimental frequency values obtained before and after the model calibration of the minaret. e four mode shapes were obtained from the tests as shown in Figure 7 (b). It can be seen from Table 5 and Figure 7 that the calibrated and experimental frequencies and mode shapes are close to each other. Besides, it can be seen from Figures 4 and 7 that the two mode shapes obtained from the initial and calibrated FEM occur in the same directions.
Seismic Damage Pattern Estimation of the Minaret.
Seismic damage propagation in the minaret was determined by means of linear and nonlinear finite element models in 
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Abaqus. e nonlinear analyses were performed using the CDP model. e CDP model depends on the integration of damage mechanics, and plasticity is improved to analyze the failure of concrete and unreinforced brittle masonry structures. CDP describes the important characteristics of the failure process of concrete or masonry under multiaxial stress. Material parameters for masonry in the CDP model are summarized in Table 6 . e failure of masonry can be modelled under uniaxial compression and tension and by the plasticity characteristics. CDP model response under uniaxial compression and tension is linear until the initial value of yield stress. When the failure stress is reached, microcrack formation in masonry is activated. In the plastic regime, the response is typically characterized by stress hardening followed by strain softening. Beyond the failure stress, the formation of microcracks is represented macroscopically with a softening stress-strain response as shown in Figure 8 .
Material properties of the masonry used in the minaret were adopted from the study carried out by Kaushik et al. [36] and are shown in Figure 9 .
e acceleration records of the earthquakes that took place in Çay-Sultandagı (Mw 6.0) on Feb 3, 2002, and Dinar (Mw 6.0) on Oct 10, 1995, were used to determine the seismic damage patterns of Imaret Mosque Minaret. Time histories of two components of the earthquakes are depicted in Figure 10 . e records are applied to the minaret in x-x and y-y horizontal directions simultaneously.
Linear Analysis of Minaret under Çay-Sultandagı and
Dinar Earthquakes. Linear time-history analyses of the minaret are performed using the full Newton method in Abaqus [27] .
e damping ratio is chosen as 5%. e maximum lateral displacement values in U1 (x) and U2 (y) directions are 4.4 cm and 5.3 cm under the Çay-Sultandagı earthquake and 12.9 cm and 37.6 cm under the Dinar earthquake, respectively ( Figure 11 ). e lateral displacement values throughout the height of the minaret under linear analysis for Çay-Sultandagı and Dinar earthquakes are presented in Figure 12 .
Under the Çay-Sultandagı earthquake, it was observed that the maximum (tension) principal stress (126 MPa) was concentrated around the door which is in the transition segment that lies between the pulpit and the cylindrical body, while the minimum (compression) principal stress (1.36 MPa) was concentrated on the opposite side of the door (Figure 13 ). Under the Dinar earthquake, the maximum and minimum principal stresses occurred in the same location and were obtained as 7.7 MPa and 8.1 MPa, respectively, as shown in Figure 14 . e maximum and minimum stresses that occurred in the minaret under the Dinar earthquake exceeded limit tension (0.421 MPa) and compression (4.21 MPa) values of the masonry wall. However, in the Çay-Sultandagı earthquake, only maximum principal stresses slightly exceeded tensile stresses (0.421 MPa) of the wall material. erefore, it was shown that Çay-Sultandagı does not cause a serious damage to the minaret. During the Dinar earthquake, maximum tensile and compressive stresses exceeded the limit tensile stress about 6 and 19 times, respectively. So, linear analysis has shown that the minaret could damage substantially under the Dinar earthquake impact.
Nonlinear Analysis of Minaret under Çay-Sultandagı and
Dinar Earthquakes 2.7.1. Çay-Sultandagı Earthquake. According to the results of nonlinear time-history analysis for the Çay-Sultandagı earthquake, the maximum lateral displacement values are obtained as 4.8 cm and 3.6 cm in U1 and U2 directions, respectively ( Figure 14) . Critical maximum and minimum principle stress contours under the Çay-Sultandagı earthquake are presented in Figure 15 . In CDP analysis, the damage of the minaret can be achieved. When this damage ratio exceeds 100 percent, it is accepted that the structure completely collapsed. When the plastic deformation obtained with the nonlinear solution is investigated, it was found that the safety boundary deformation values also exceeded. But the main criterion that determines the damage and destruction of the structure is the damage rate obtained by the CDP.
e damage effect compression stress on the minaret is calculated by CDP analysis, and the damage percentage contours at the end of time steps are presented in Figure 16 . e compression damage on masonry of the minaret begins at 11.73 s, and the plastic deformation value reaches 0.0057 at the end of the analysis (t � 25 s) (Figure 17 ). Limited number of elements exceeds the value of 0.004 which is the critical damage strain value of the masonry ( Figure 9 ). Advances in Civil Engineeringe tension damage effects calculated by CDP analysis at the end of the analysis are presented in Figure 18 . e tension damage on masonry of the minaret begins at 13.52 s, and the plastic deformation value reaches 0.014 at the end of the analysis (t � 25 s) (Figure 19 ). Only small number of elements exceeds the value of 0.0002 which is the critical damage strain value ( Figure 9 ). Damage parameters remain around 70% of the tensile and pressure. It is envisaged that the minaret would overcome this earthquake with minor damage. It can be generally said that the masonry minaret is safe under the Çay-Sultandagı earthquake.
Dinar Earthquake.
Nonlinear time-history analysis of the minaret under the Dinar earthquake shows that the maximum lateral displacement values are 17.4 cm and 27.8 cm in U1 and U2 directions, respectively (Figure 20) .
Critical maximum and minimum principle stress contours under the Dinar earthquake are presented in Figure 21 .
e compression damage percentages of the minaret at the end of the analysis are presented in Figure 22 .
e compression damage on masonry of the minaret begins at 3.8 s, and the plastic deformation value reaches 0.17 at the end of the analysis (Figure 23 ). Only small number of elements exceeds the value of 0.004 which is the critical damage strain value ( Figure 9 ). e tension damage effects calculated by CDP analysis at different time steps are presented in Figure 24 . e tension damage on masonry of the minaret begins at 3.3 s, and the plastic deformation value reaches 0.38 at the end of the analysis (t � 25 s) (Figure 25 ). e upper part of the transition segment exceeds the value of 0.0002 which is the critical damage strain value ( Figure 9 ). Damage parameters are around 85% of the tension and 90% of the pressure. It is thought that the minaret will face major damage and failure in this earthquake hazard. e events observed have shown that thin and tall masonry structures like minarets are damaged particularly at the transition segments [37] .
e locations of compression and tension regions under linear and nonlinear time-history analysis are coincided. Since the masonry cannot recover tensile stress, the observed tension regions are critical although these regions are limited. Under a high ground motion, the minaret may be considerably damaged from these regions, and a special precaution must be implemented to these regions.
Conclusions
Historical structures are of great importance to a country.
e historical roots of a country have been exhibited by them. erefore, they must be passed on from generation to generation. is study includes a valuable contribution to this goal. Seismic damage propagation estimations in the 
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Advances in Civil Engineering historical clay brick masonry minaret under different ground motion levels by using the updated FEM are implemented in this paper. Dinar (1995) and Çay-Sultandagı (2002) earthquakes are considered in the linear and nonlinear time-history analyses. It is seen that only the material information made by material tests is not sufficient. e structure must be fully investigated. After the OMA experiment, as a result of the finite element solution improvement, the modulus of elasticity increased from 1300 MPa to 5200 MPa. In the first mode, the natural frequency increased from 0.849 to 1.425. Mode shapes are in parallel with those in the experimental study. A three-dimensional finite element model of the minaret is calibrated using the ambient vibration test results.
e difference between the experimental and numerical frequencies, at the first 4 modes, is about 43% before the model calibration and 1.12% after the calibration. Due to their intensity, the results from the Dinar earthquake are bigger than those from the Çay-Sultandagı earthquake. When the two earthquakes are compared, the end point of the minaret is 5 cm in the Çay-Sultandagı earthquake and 38 cm in the Dinar earthquake. Approximately 8 times the displacement difference is observed. e minaret has a displacement difference of 8 times. Approximately 6 times a stress difference occurred. Under the Çay-Sultandagı earthquake, damage parameters remain around 70% of the tensile and pressure. It is thought that the minaret will overcome this earthquake with minor damage. It can be generally said that the masonry minaret is safe under the Çay-Sultandagı earthquake. Under the Dinar earthquake, damage parameters are around 85% of the tension and 90% of the pressure. It is thought that the minaret would face major damage and failure in this earthquake hazard. 
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e Çay-Sultandagı earthquake would inflict limited damage on the minaret, whereas the Dinar earthquake would damage some parts of the elements in the transition segment of the minaret. It is observed that linear timehistory analysis results do not reflect actual response of the clay brick masonry minaret during the earthquake.
e maximum and minimum principal stresses obtained from the nonlinear analyses exceeded the tensile and compressive strength values of the masonry, and they concentrated on the transition region. At the end of the study, the damage of the historical minaret against the two selected earthquakes was obtained, and it was determined that the minaret was at risk of collapse during a severe earthquake. It can be seen from the past earthquakes that masonry minarets are damaged particularly at the transition segments. Besides, occurrence of stress concentration in the regions where section variations take place indicates that the calibrated finite element model represents the behavior of the minaret as close to reality as possible. erefore, safety σ c (ε c ;σ c ) Step: step-1
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Step time = 25.00 assessment of the masonry minarets under earthquakes should be evaluated considering calibrated finite element models and nonlinear time-history analyses.
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